Abstract. Time dependent numerical simulations show that the anisotropy of the energy flux and a weak magnetization of the pulsar winds result into formation of the most spectacular features in the central part of the plerions, namely the X-ray tore and jet-like outflows. We present the results of such simulations performed by our group. One of the most important conclusions following from this study is the fact that these structures are a direct observational proof that the rotational losses of the rotation powered pulsar are not due to magnetodipole radiation but instead they are due to magnetic breaking of a relativistic wind ejected by the pulsars. In this regard we discuss the direct physical consequences from this conclusion for the pulsar physics.
OBSERVATIONS
Only a small fraction of the rotational energy of rotation powered pulsars (RPP) is released in the form of electromagnetic radiation. The largest part of this energy is transformed into energy of the electromagnetic field and kinetic energy of the particles. In someway this energy is finally injected into the interstellar medium (ISM) surrounding the pulsar. The particles in the ISM are accelerated up to 10 15 eV. They start to emit synchrotron and inverse Compton radiation forming a plerion (or synchrotron nebula).
The plerions emit electromagnetic radiation in a wide range of frequencies from the radio to high energy gamma-rays [30, 17, 3] . In the last few years telescopes on the Hubble, Chandra and XMM observatories bring us new observational data about the central part of plerions. Observations in X-rays [13, 20] and in the optics [26] have discovered a remarkable torus and jet-like structures in the central part of the Crab Nebula. The same structures were found by Chandra around the Vela pulsar [25, 41, 42] .
It appears that along with the rather close similarity between the Crab and Vela plerions there are at the same time remarkable differences. The bolometric Crab Nebula luminosity is equal to dozens of percentages of the pulsar rotational losses. In the Crab Nebula the X-ray torus consists of two parts: the inner ring with a small radius and an outer diffuse ring with a larger radius. The Vela nebula is rather compact and has low luminosity compared with the rotational losses of the pulsar, ∼ 5 · 10 −5 [25] . The torus in the Vela nebula consists of two rings as well. The radii of the rings are almost the same. No outer diffuse torus was observed in the Vela Nebula in X-rays. However, some signature of the outer torus has been found in the radio [19] . Attempts to find the plerionic structure around Vela in the optical are still not successful [39] .
Toroidal and jet-like structures were found in several other plerions as well: around PSR 1509-58 [29] , plerions in the supernova remnant G0.9+1 [21] and G54.1+0.3 [37] . Apparently, the formation of these structures is a rather general phenomenon for plerions.
ANISOTROPY OF THE ENERGY RELEASE FROM RPP
It is clear from observations that the formation of the anisotropic plerionic structure is connected someway with the anisotropy of the energy release from RPP. Therefore, let us consider different forms of anisotropy which could take place.
Particle flux
We do not have reliable information about particle flux anisotropy from pulsars. In the two most popular models (inner gap and outer gap models) of the plasma production in the pulsar magnetosphere the anisotropy of the particle flux should not exceed a factor of 10 [24, 28] . Although this kind of anisotropy could be interesting for the analysis, we will concentrate all our attention on the anisotropy of the energy flux from RPP.
Magnetodipole losses
The majority of astronomers believe that RPP spin down due to magnetodipole radiation. Any textbook explains that the energy loss rate in this case is given by Larmor's formula,L
where B is the magnetic field on the polar cap of the pulsar, R * is the radius of the pulsar, Ω is the angular velocity of rotation and ξ is the angle between the rotational axis and the magnetic moment of the pulsar. This formula gives the magnetic field on the surface of pulsar of to be of the order 10 12 G, which agrees well with other estimates of the pulsar magnetic fields.
The angular distribution of the energy flux of the magnetodipole radiation has a form
where M is the magnetic moment of the star, O is the solid angle and θ is the angle between the rotational axis and a wave vector. It follows from this formula that the energy flux is almost isotropic with some excess in direction along the rotational axis.
Magnetic breaking
The magnetodipole radiation can be generated by RPP provided that the pulsar is in vacuum. However, this is not the case for real RPP. The conventional models of RPP magnetosphere shows that the pulsars eject rather dense e ± plasma which is able to screen the electric field. This happens under two conditions. The difference in charge densities of e ± δ n which arises due to plasma polarization should be much less than the density of the charges n, δ n n. This condition provides that the plasma is able in principle to screen the electric field. Another condition provides that the variation of the external electric field is so slow that the plasma is able to follow for these variations to screen the electric field. This condition is fulfilled provided that the plasma frequency ω p is much higher the characteristic frequency of the electric field variations Ω, ω p Ω. Under these conditions, the electric field in the frame system of the plasma is equal to zero and the frozen in condition
holds everywhere. E and B are the electric and magnetic fields This drastically changes the situation. The magnetodipole radiation can not propagate in this medium. Consequently, RPPs do not generate this radiation. What is the mechanism of the RPPs spin down in this case?
The mechanism is the same which provides the spin down of ordinary stars. The dense plasma flow in which the frozen in condition takes place can be considered as a magnetohydrodynamical (MHD) wind or a highly conducting fluid (some additional conditions for such approach are omitted here).
Rotation powered pulsars (RPP) lose their rotational energy in the form of a relativistic wind of plasma, composed of free electron positron pairs with embedded, wound up magnetic field [38] . Particles move relativistically together with the frozen into the wind magnetic field. Therefore, they do not emit synchrotron radiation which could bring us direct information about the winds. That is why it is difficult to specify accurately the characteristics of the pulsar winds.
The pulsar winds are terminated by a shock wave at the interaction with the ISM. The shock redistributes the energy of the particles accelerating part of them up to 10 15 eV and randomizes their pitch angle. They start to emit synchrotron and inverse Compton radiation in the post shock region forming a plerion (or synchrotron nebula).
Energy flux density in the wind is a sum of the electromagnetic energy flux c 4π E × B and kinetic energy flux γ 2 mc 2 nv densities, where γ is the Lorentz factor of the bulk motion of the wind, n and v are the plasma density in the co moving coordinate system and the velocity. Relativistic winds from pulsars flow radially. Their magnetic collimation is infinitesimally small [4, 8] . The toroidal magnetic field B ϕ generated at the rotation of the pulsar is proportional to θ , where θ is the polar angle [7] . A similar distribution of the toroidal magnetic field takes place in the solar wind [45] . Electric field in the wind is connected with the magnetic field through the ideality condition
where Ω is the angular velocity of the pulsar. Therefore, the electric field is proportional to sin θ as well. Thus, the Poynting flux appears proportional to sin 2 θ . The energy flux distribution takes the form
where B p is the poloidal magnetic field which goes down with distance as r −2 . Thus, the product B p r 2 goes to a constant. ρ is the plasma density having initially the Lorentz factor γ 0 . The two terms in the equation above corresponds to the electromagnetic field energy flux and to the kinetic energy flux of the plasma produced in the magnetosphere. We see that the magnetic breaking results into essentially a different distribution of the energy flux from the RPP. The electromagnetic energy flux is concentrated along the equator. Only the initial kinetic energy flux is more or less isotropic. It is evident that the structure of the plerions differs in dependance of the energy flux from RPP. The magnetodipole radiation gives almost isotropic distribution of the energy with slight excess into direction to the rotational axis. It is difficult to expect that something like a toroidal structure observed in plerions can be produced if the energy flux has such angular distribution. The energy distribution in the pulsar winds is predominately concentrated along the equator. The toroidal structure should appear in this case naturally. However, the question about the jet-like structure is more difficult. To resolve this question it is necessary to perform numerical modelling of the realistic dynamics of plasma in the post shock region.
The ratio of the Poynting flux over the kinetic energy flux is close to 10 4 at the light cylinder of the Crab pulsar [16] . However, in the preshock zone practically all the energy flux is concentrated in the electromagnetic field. According to [30] the ratio of the Poynting flux over the kinetic energy flux becomes equal to σ = 3 · 10 −3 right upstream the shock [30] . The kinetic energy flux here is a sum of the initial kinetic energy flux plus the initial Poynting flux. Therefore, the Lorentz factor of the wind takes the form [9, 10] 
where γ 0 ≈ 200. According to [18] γ 0 ≈ 200 or even less [27] . γ m = (
4πn 0 mc 2 γ 0 ≈ 10 6 − 10 7 in conventional models of the pulsar winds. Here n 0 , B 0 are the initial concentration and the magnetic field at the light cylinder. We do not expect any remarkable dependence of n 0 or B 0 on θ . An anisotropy of n 0 and B 0 in the limits of one order of magnitude is not important, because the Lorentz factor changes on 4 orders of magnitude with θ . Therefore, the anisotropy of the particle flux is neglected. We assume that γ m is constant and γ is proportional to sin 2 θ . Hereafter the wind with an isotropic particle flux but with anisotropic energy flux we will denote as the anisotropic wind with the anisotropy level α = γ 0 /γ m .
NUMERICAL MODELING Method
The equations of relativistic MHD flows were considered in detail by [36, 1] . Within the framework of relativistic mechanics and electrodynamics we deal with a Minkowski space-time continuum equipped with a pseudo-Eucledian metric g ik = diag (−1, 1, 1, 1) . Points of this continuum are labeled by coordinates 
The second couple of Maxwell equations; the continuity and energy-momentum equations are
Here ρ = mn; n -the number density of particles (in fluid frame); m -rest mass of the electrons; T ik m , T ik f -energy-momentum tensors for matter and field, correspondingly, tensor T ik m is [? ]:
where w -enthalpy density, p -pressure. The tensor T ik f can be expressed as [36, 1] :
Using (7), (8) we can get the expression for the conservation of entropy
where s -specific entropy.
These equations are qualitatively similar to the equations of non-relativistic MHD. Nevertheless there are differences dealing with various invariant (with respect to Lorentz transformation) forms of representation of the relativistic MHD equations. Depending on the form of this representation some types of virtual waves arise: the pseudo-contact and pseudo-alfvenic waves [32] or waves propagating with the speed of light [46] . These waves are not physically admissible and should be eliminated.
The equations of relativistic MHD were investigated numerically by several authors [46, 32, 47] . Astrophysical relativistic MHD winds were simulated successfully for large Lorentz factors and magnetization parameters by [6, 8] . Numerically the interaction of the pulsar winds with the ISM has been modeled by [33] and [15] .
Our method is based on a Godunov-type scheme for Eulerian relativistic MHD, which is similar to the method used by [32] . The key point of any numerical scheme is the calculation of fluxes of conservative variables at the cells' interface. In the original paper by S.K.Godunov [22] the fluxes are calculated by mean of the exact solution of a Riemann problem. Even in the case of gas dynamics it takes an iterative process and is very time-consuming. The situation becomes much more complicated for the MHD equations [44] so its inclusion in computing algorithm is not expedient.
A number of algorithms involving an approximate solution of the Riemann problem were suggested both for gas dynamics [40, 43] and MHD [14] . The most popular approach for the approximate solution of the Riemann problem introduced by Roe [43] considers it in a linearized approximation. We use the same approach. Details of realization of this approach in our code are given in [35] .
Initial conditions
We take a spherically symmetric hydrodynamical [30] solution as the initial state in all cases. A cold relativistic unmagnetized wind with a specified Lorentz factor and density is terminated by the ISM with the formation of the shock front. The position of this front at r sh specifies the pressure at large distances in the nebula P ext . During the simulation the ratio α = γ m γ 0 which we denote hereafter as the anisotropy parameter increases smoothly in time up to a specified level. The same procedure was done for σ .
Boundary conditions
Two types of the boundary conditions were used. In the first type (type I) the pressure was fixed on the outer sides of the simulation box (top and right hand side) p ext as the outer pressure and is defined from the initial spherically symmetric solution. Thus, the total pressure in the flow on the outer sides is prescribed to the external pressure, ρu 2 + P = P ext .
In the second boundary condition (type II) the pressure of the external medium is considered equal to zero and the external pressure is defined by the inertial pressure of the shell of the external medium. This pressure is proportional to the value ρu 2 at the boundary of the simulation box.
These two types of the boundary conditions on the outer sides of the simulation box correspond to different types of confinement taking place in different plerions. The first one corresponds to the outer pressure confinement taking place for example in the Vela Nebula. The second one corresponds to the inertial confinement taking place in the Crab Nebula.
Actually, the simulation is performed in the region between the terminating shock wave and the outer boundary. The position of the terminating shock front is defined in the process of the solution. An adaptive mesh was used in the domain of simulation.
Modeling the Crab Nebula
We consider the simplest case of the wind with the conventional magnetization σ = 3 · 10 −3 which is kept constant on all field lines with the exception of a narrow region around the rotational axis where the toroidal magnetic field goes to zero. This case corresponds to the conditions in the Crab Nebula.
The conventional anisotropy level in the wind should be close to 3 · 10 4 because the typical Lorentz factor of the electrons at the light cylinder is expected to be of the order 100 and the Lorentz factor of the electrons at the shock is 3 · 10 6 . Nevertheless, we assume that α = 10 3 . This change of the parameter is not significant for us because the difference between the flows with large different α will take place in a narrow region θ ∼ 1 √ α (see eq. (1)). The radius of the shock front at the axis will be r axis = r sh
, where the radius of the shock at the equator r sh does not depend on α. The rest of the flow does not depend on α as well. Reduction of α is convenient from the technical point of view. This helps us to avoid modeling of the flow in a very small region near the rotational axis and located close to the pulsar which is actually not so interesting for us.
The post shock flow with flow lines and distribution of pressure is shown in fig. 1 . This flow is formed ∼ 900 years past the beginning of the interaction of the flow with the ISM. The disk like flow at the equator is formed just behind the shock front as expected. The most interesting here is the mechanism of the jet-like flow formation in the post shock region.
The formation of the jet-like flows occurs due to magnetic tension of the toroidal magnetic field generated in the plerion. A similar mechanism apparently provides the collimation of astrophysical jets. The most unusual here is the fact that the weak magnetic field remaining in the preshock wind is able to collimate the highly energetic flow of the relativistic plasma.
The mechanism of this phenomena is the following [12] . The toroidal magnetic field is amplified 3 times at the shock (we assume here that the shock is mostly hydrodynamical). Then, the velocity of the plasma falls down with distance from the star while the density remains almost constant. The toroidal magnetic field is amplified with distance because due to the frozen in condition the ratio B ϕ ρ ∼ r. Therefore, after some distance from the shock the energy density of the magnetic field appears comparable with the dynamical pressure of the flow and becomes able to drive the flow into the direction to the rotational axis.
We found that the jet-like flows are formed in the post shock region already at σ = 3 · 10 −3 . This conclusion slightly differs from the conclusion of [33] . They claim that it is necessary to have at least 3 times higher σ to provide the collimation of the flow. The jets are not produced at small σ in [33] . The jet-like flow is filled by the plasma from the disk-like flow. This flow is decelerated and directed to the rotational axis by the tension of the toroidal magnetic field lines. Near the axis this flow is redirected again along the axis. Thus, the jet-like flow is formed only at the distance comparable with r sh . This disagrees with observations of the Crab Nebula which show that the jets are formed at rather small distance from the pulsar comparable with the location of the shock front at the rotational axis. The location of the visible launching point of the jets could be placed closer to the pulsar if we assume that σ is higher at the rotational axis than at the equator. Apparently, the toroidal magnetic field could be taken strong enough to provide collimation of the part of to the flow along the rotational axis right down the shock front. Future numerical experiments will show us if it is really possible.
We see that the toroidal structure is reproduced naturally. It extends to the distance ≈ 5r sh along the equator. This is larger than the observed extension ∼ (3 − 4)r sh but this discrepancy could be removed if we take into account the synchrotron cooling at the calculation of the sychrotron brightness.
Usually, the brightness of the jet-like flow is rather low. This is a general problem, which arises in all calculations of the spatial brightness of the plerions [10, 33] . To overcome this problem [33] assumed very large poloidal magnetic field in the jet-like flow. The pressure of this field is as large as 30% of the gas pressure. There are no ideas how to produce so high poloidal magnetic field in the jets.
Another mechanism is suggested in [10] . It is clear that the jet-like flow is collimated by the toroidal magnetic field. This flow must be unstable in relation to kink instability. This instability is well observed in the case of Vela [? ] . Some part of the magnetic field energy is transformed into the kinetic energy of particles. Therefore, it is naturally to assume that an additional acceleration of particles takes place in the jetted flow. The fact that the X-ray jets extend to larger distance than the tore is also in favor of an additional acceleration of the particles in the jets. These particles can brighten the jets to the observed level [10, 11] .
DISCUSSION
Thus, the anisotropy of the energy flux, which is predicted from the conventional model of the pulsar winds together with the fact that the winds are at least slightly magnetized in the preshock zone give natural explanation of the observed structure in the central part of Crab Nebula and other plerions. This conclusion is confirmed independently by three groups [34, 2, 12] .
Of course there are still several other studies which should be done to be totally consistent with observations. However, there is no doubt that the general approach is correct.
In the discussion we would like to pay attention on a fact which usually is overlooked. The very existence of the toroidal structure in the plerions is the strict observational evidence that RPP loss their rotation energy not due to magnetodipole radiation (as the majority of astronomers believe) but due to the magnetic breaking by the pulsar wind.
It is necessary to point out that the idea that the spin down of radio pulsars occurs not because magnetodipole radiation is not new. This follows already from the first split monopole model by Michel [50] . Starting with the works by [5, 7] it was clear for theoreticians working in pulsar physics that the pulsar spin down is due to magnetic breaking of the wind. Usually for astronomers the main argument in favor of the magnetodipole radiation is that it explains well the pulsar spin down losses. Therefore, we consider this question in more detail.
It was shown in [7] that an oblique rotator ejecting a wind loses its energy with the rateĖ
where ψ is the magnetic flux, of the pulsar magnetic field which goes to the infinity from one of the magnetic poles. At a first glance this equation has nothing general with real pulsar spin down loses. But let us estimate ψ for the conventional models of pulsars. The magnetic flux of the open field lines from the radio pulsar with a dipole magnetic field is defined by the last open field line leaving the polar cap with radius R p = R * R * Ω c [23] . Therefore the flux of the open field lines from one of the polar caps of the radio pulsar is estimated as
We consider the relativistic plasma with v 0 = c. Therefore, the magnetic breaking of this object isĖ
It is surprising that these losses differ from the familiar magnetodipole losses by only insignificant numerical factor. They equal to the losses of the dipole rotating in vacuum at the angle of inclination ξ = 30 0 . We see that the magnetic breaking provides the standard spin down of pulsars under the assumption that ψ is defined by the light cylinder of the pulsar. But the dependance of ψ on Ω could strongly differ from the usual pulsar dependance. Because of this the spin down of real astrophysical could strongly differ from those predicted by the magnetodipole equation. This can lead to incorrect estimate of the physical parameters of the objects. There are at least two bright example where this incorrectness could take place.
The first one is connected with magnetars. Estimates of the magnetic field on the surface of magnetars from magnetodipole equation gives a magnetic field of the order of 10 14 -10 15 G. This could be incorrect. It is clear that the amount of the magnetic flux leaving the star could be much larger than those which follow from the last field line touching the light cylinder estimate. If all the magnetic field lines of the star appears open on some reasons, this could result to much more efficient spin down even at conventional values of the magnetic field on the surface of the star of the order of 10 12 G. Therefore, it is necessary to be very careful with the conclusion about the magnetic fields on the surface of magnetars as high as 10 15 G.
The second example is connected with the breaking index of radio pulsars which is defined by the equation δ = ΩΩ Ω .
The breaking index of radio pulsars should be equal to 3, provided that the spin down is defined by the magnetodipole radiation. But it is very well known that the breaking index of all known radio pulsars is well below 3. This fact has natural explanation if we take into account that the spin down of the radio pulsars is defined by the magnetic breaking mechanism. Indeed, the flux of open field lines ψ most likely is not defined by the last closed field line reaching the light cylinder. This was clear many years ago and recently it has been directly demonstrated in the work [49] that the last closed field line can be located well inside the light cylinder. In the limiting case, all the open field lines could be open. In this case ψ does not depend on Ω at all and we have that δ = 1. Thus, we conclude that in general the breaking index could be in the range from 1 to 3. This conclusion is well supported by observations. And it becomes clear from this why the breaking indexes of real pulsars below 3. In addition this fact itself directly means that magnetodipole losses are not applicable to real radiopulsars. It is only a quite crude estimate.
In conclusion let us stress once more that the time has arrived to forget about the generation of the magnetodipole radiation by radio pulsars and start to believe that the spin down of the pulsars occurs due to magnetic breaking of the wind like for all other stars. Otherwise we may have a great difficulties to understand the observations.
